Multiport Bidirectional SRM Drives for Solar-Assisted Hybrid Electric Bus Powertrain With Flexible Driving and Self-Charging Functions by Gan, C et al.
0885-8993 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2017.2780622, IEEE
Transactions on Power Electronics
IEEE TRANSACTIONS ON POWER ELECTRONICS 
1 
 
Multiport Bidirectional SRM Drives for Solar- 
Assisted Hybrid Electric Bus Powertrain With 
Flexible Driving and Self-Charging Functions 
 
Chun Gan, Member, IEEE, Nan Jin, Member, IEEE, Qingguo Sun, Wubin Kong, Member, IEEE, 
Yihua Hu, Senior Member, IEEE, and Leon M. Tolbert, Fellow, IEEE  
 
 
Abstract—Hybrid electric bus (HEB) presents an emerging 
solution to exhaust gas emissions in urban transport. This paper 
proposes a multiport bidirectional switched reluctance motor 
(SRM) drive for solar-assisted HEB (SHEB) powertrain, which 
not only improves the motoring performance, but also achieves 
flexible charging functions. To extend the driving miles and 
achieve self-charging ability, photovoltaic (PV) panels are 
installed on the bus to decrease the reliance on fuels/batteries and 
charging stations. A bidirectional front-end circuit with a PV-fed 
circuit is designed to integrate electrical components into one 
converter. Six driving and five charging modes are achieved. The 
dc voltage is boosted by the battery in generator control unit 
(GCU) driving mode and by the charge capacitor in battery 
driving mode, where the torque capability is improved. Usually, 
an extra converter is needed to achieve battery charging. In this 
paper, the battery can be directly charged by the demagnetization 
current in GCU or PV driving mode, and can be quickly charged 
by the PV panels and GCU/AC grids at SHEB standstill 
conditions, by utilizing the traction motor windings and 
integrated converter circuit, without external charging converters. 
Experiments on a three-phase 12/8 SRM confirm the effectiveness 
of the proposed drive and control scheme. 
 
Index Terms—Solar hybrid electric bus (SHEB), multiport 
bidirectional converter, photovoltaics (PV), boosted dc voltage, 
switched reluctance motor (SRM). 
I. INTRODUCTION 
Owing to the high demand of fuel efficiency and 
environment protection against air pollution, hybrid electric 
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buses (HEBs) have received much attention for urban 
transportations [1]-[6]. For electric powertrain systems, 
permanent-magnet synchronous machines (PMSMs) are a 
popular solution because of their high efficiency and high 
torque density [7]-[9]. However, PMSMs need to use 
permanent magnets, which bring about problems of high cost 
and poor stability. Therefore, many efforts are focusing on 
developing rare-earth-less or rare-earth-free motors for future 
traction drives [10]-[12]. Switched reluctance motor (SRM) has 
received significant interest for electric vehicles [13]-[21], 
which has no rotor windings and permanent magnets. SRMs 
have the advantages of robust structure, low cost, high 
reliability, wide-speed range, and good fault tolerance ability, 
which give these motors the ability to work in high-speed, 
high-temperature, and safety-critical applications. 
Some advanced converter topologies have been reported for 
SRMs to improve the system performance [22]-[33]. SRM 
driving by three-phase standard inverters has been presented in 
[22]-[24], and control strategies are put forward accordingly. In 
order to increase the torque capability, converters with boosted 
dc-link voltage are proposed for SRMs [25]-[30]. A 
quasi-three-level converter is developed in [25], to reduce the 
current rising and falling times. However, twice as many power 
transistors as traditional converters should be used. In [26], a 
single-phase SRM drive with high demagnetization voltage is 
presented by employing additional inductors, which reduce the 
efficiency and power density. In [27], a dual voltage converter 
is put forward with higher voltages across the machine 
windings, while four capacitors are needed. Multilevel 
converters by using two charge capacitors are developed in 
[28]-[30] to boost the dc voltage for high-speed operations. A 
low-cost battery-powered two-phase SRM drive is presented in 
[31], and the battery charging is directly achieved by utilizing 
SRM windings, without additional inductors and charging units. 
A new dual voltage SRM drive is proposed to allow motoring 
from the battery and AC source, where the battery charging 
function is integrated into the motor drive [32]. A 
quasi-Z-source integrated multiport converter is designed for 
SRMs in [33], to reduce the dc-link capacitance, boost the dc 
voltage, and enable wide-speed operation. 
For electric vehicles, state-of-the-art SRM drives have been 
presented in [34]-[40] to achieve integrated driving and 
charging functions. A dc/dc converter is employed for battery 
powered SRM drives to improve the dc voltage and speed 
dynamic responses [34], while the additional use of inductors 
and capacitors reduces the power density. An integrated 
driving/charging SRM drive is presented for pure 
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battery-powered vehicles in [35]. Three-phase intelligent 
power modules are used in a modified Miller converter, which 
is not equipped with fault-tolerance ability. In [36], an SRM 
drive with a front-end dc/dc converter is presented and control 
schemes are also developed with flexible charging functions 
and excellent motoring performance. An improved SRM drive 
derived from a C-dump converter is proposed for hybrid 
vehicles with grid charging capability [37]. However, the 
fault-tolerance ability is poor due to non-isolated phases in the 
circuit, and the boosted dc voltage cannot be achieved. In [38], 
a split converter topology is proposed for four-phase 
SRM-based pure battery-powered vehicles to achieve flexible 
battery charging functions, where the midpoints of the phase 
windings are connected. However, conventional winding 
connections need to be changed, which cannot be used for 
three-phase SRM drives. To restrain the current ripple and 
improve the motoring performance, a three-port converter is 
put forward in [39] for battery-powered SRM drives in electric 
vehicle applications. In [40], an integrated SRM converter for 
plug-in hybrid vehicles is developed. Although integrated 
functions are obtained, multiple ports and self-charging ability 
are not achieved, which leads to a high demand for 
batteries/fuels and also charging stations. 
However, to popularize HEBs in an urban environment, a 
large number of charging stations are required. It is clear that 
the construction costs are considerable if existing internal 
combustion engine (ICE)-based buses are replaced by new 
electrified ones. There is also another issue related to HEBs in 
that the possible driving distance is short in pure 
battery-powered mode, due to the limitation of current battery 
technologies. Therefore, to overcome these issues, photovoltaic 
(PV) panels can be employed to assist the main power source in 
driving mode and achieve battery charging, which will 
considerably reduce the reliance on fuels, batteries, and 
charging stations. Nowadays, PV panels have been employed 
in electrified transport and aircraft applications [41]-[44]. For 
SRMs, a PV integrated converter is presented in [45]. However, 
all three phases share one chopping switch, and bidirectional 
multiport topology is not achieved, which leads to poor 
fault-tolerance ability and control flexibility. 
Therefore, in order to achieve multi-source operation, 
improve the motoring performance, and obtain flexible 
self-charging functions, this paper presents a multiport 
bidirectional SRM drive for solar-assisted HEB (SHEB) 
applications. A bidirectional front-end circuit is designed to 
combine the asymmetrical half-bridge converter for integrated 
functions. PV panels are employed as an assisted sustainable 
energy source to extend the driving range and reduce the 
reliance on charging stations. Multiple driving and charging 
modes are achieved. Excitation and demagnetization processes 
are accelerated in both generator control unit (GCU) driving 
mode and pure battery driving mode due to the multilevel 
voltage, which increase the torque capability. The battery can 
be directly charged by utilizing the traction motor windings and 
converter circuit, achieving a more compact and integrated 
converter topology. Micro-current charging is achieved by 
demagnetization currents in GCU or PV driving conditions. 
During the braking process, the energy can be flexibly recycled 
to the battery. In SHEB standstill conditions, the battery can be 
quickly charged by the PV panels and GCU/AC grids, which 
reduces the reliance on charging stations. 
II. CONVENTIONAL SRM DRIVES 
A conventional three-phase 12/8 SRM drive is shown in Fig. 
1, including the SRM, power converter, drive circuit, position 
detection, and current detection. The phase currents are 
detected by current sensors for current control to generate drive 
signals for the power converter. An asymmetrical half-bridge 
converter is usually adopted in SRM drives, due to its phase 
isolation characteristic and excellent fault-tolerant ability. Each 
bridge arm is controlled independently by two switches. 
Current 
detection
Drive circuit
Current controller
12/8 SRM
Control 
signals
Power converter
Position 
detection
iph
Drive signals
 
Fig. 1. Diagram of the three-phase 12/8 SRM drive. 
The SRM can be modeled using electromagnetic equations 
[33], [34]. The models of the SRM are analyzed in details in 
[33], including the magnetic flux linkage and electromagnetic 
torque. Governing equations and physical modeling of a SRM 
are presented in [34] by assuming a linear magnetic circuit. 
Considering that the flux linkage of a phase is related to both 
the rotor position and phase current, the equation for each phase 
can be expressed as [33]-[36] 
( , )
( , )
k k k k
k k k k k
k
k k k
k k k k k
d di d
U R i R i
dt i dt dt
di L i
R i L i i
dt
   


 

 
    
 

  

        (1) 
where Uk is the phase voltage, Rk is the phase resistance, φk is 
the flux, ik is the phase current, θ is the rotor position, Lk  is the 
phase inductance, ω is the angular speed, and k=a, b, c phase. 
When a phase is turned on, positive dc-link voltage is applied to 
the phase winding and Uk=Udc, where Udc is the dc-link voltage; 
when the upper switch is off and lower switch is on, Uk=0; 
when a phase is turned off, negative dc-link voltage is applied 
to the phase winding and Uk=-Udc. 
When a phase winding is energized by a positive dc-link 
voltage, it works in an excitation mode. In the demagnetization 
or braking mode, the phase is under a negative dc-link voltage. 
The phase inductance varies as a function of the rotor 
position, and the output torque of the three-phase SRM is 
expressed as 
3 3
2
1 1
( , )1
2
k k
e ek k
k k
L i
T T i
d

 

                     (2) 
The torque direction is forward when a current is applied to a 
phase winding in the phase inductance ascending region. 
Otherwise, a backward torque is produced in the phase 
inductance descending region. 
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The mechanical motion equation of the SRM is given by 
e l
d
J T T
dt

                              (3) 
where Te is the total electromagnetic torque, Tl is the load 
torque, J is the combined moment of inertia of the motor and 
load, and μ is the combined friction coefficient of the motor and 
load. 
Fig. 2 illustrates the relationship of the phase inductance, 
phase current, phase voltage, and torque, where Region I is the 
motoring region and Region II is the braking region. As shown 
in Fig. 2(a), the positive or negative torque can be obtained by 
controlling the phase current flowing in the inductance 
ascending or descending region, respectively. Fig. 2(b) shows 
the motoring conditions under different excitation and 
demagnetization voltages. The current rises slowly when the 
excitation voltage is low, and a negative torque is easily 
generated due to the demagnetization current existing in the 
inductance descending region, which degrades the motoring 
performance. However, this negative torque can be eliminated 
by increasing the excitation and demagnetization voltage, and 
the output torque can be enhanced accordingly. 
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(a)                                                     (b) 
Fig. 2. Relationship of the phase inductance, phase voltage, and torque. (a) 
Motoring and regenerative braking modes. (b) Motoring under higher 
demagnetization voltages. 
 
For a conventional SRM drive, multilevel voltage cannot be 
achieved due to a constant dc-link voltage, where the output 
torque is limited in high-speed operations. Also, multi-source 
operation and flexible charging functions are not equipped 
because only one source is connected to the converter circuit. 
This paper mainly focuses on developing a bidirectional 
multiport converter topology for SHEB applications. 
Compared to the conventional SRM drive, the presented 
topology has several advantages, including multi-source 
operation, improved torque performance, and flexible 
self-charging functions. PV panels are employed to extend the 
driving range and reduce the reliance on charging stations. The 
torque is improved due to the multi-source operation. The 
self-charging functions are directly achieved by using the 
motor windings and converter circuit. Multiple driving and 
charging modes are achieved by the proposed SRM drive, 
which will be analyzed in detail in the next section. 
III. PROPOSED MULTIPORT BIDIRECTIONAL SRM DRIVES FOR 
SHEB APPLICATION 
A. Proposed Multiport Bidirectional SRM Drive Topology 
The diagram of the proposed SRM-based SHEB powertrain 
is schematically shown in Fig. 3. It consists of an energy 
storage unit, i.e., a battery bank, a power control unit including 
the multiport converter and controller, a GCU, an AC/DC 
converter for rectification, PV panels, and an SRM using as the 
traction motor. In this configuration, PV panels are introduced 
on the top of the bus to provide a sustainable power supply, 
which not only overcome the drawbacks of short driving range 
in pure battery working mode due to the limitation of current 
battery technologies, but also achieve flexible self-charging 
functions to reduce the reliance on charging stations. 
Fig. 4 presents the proposed multiport bidirectional SRM 
drive topology for SHEB applications, which is composed of a 
bidirectional front-end circuit, a front-end PV-fed circuit, and a 
conventional asymmetrical half-bridge converter. The 
front-end circuits include a generator (G), a battery bank (B), 
PV panels (PV), a rectifier (RE), two capacitors (C1 and C2). 
Moreover, two insulated-gate bipolar transistors (IGBTs) (Sf1 
and Sf2) integrated with fast recovery antiparallel diode, two 
diodes (Df1 and Df2), and three relays (J, J1, and J2) are 
employed to achieve multiple functions. 
The demagnetization voltage is boosted to improve the 
torque by the battery bank in the GCU driving mode, where a 
trickle current charging is achieved; and by the capacitor C1 in 
the battery driving mode. The GCU and battery bank can 
cooperate according to different working conditions, to 
improve the dynamic performance. The PV panels can be put 
into use as a sustainable energy source when the solar 
irradiance is sufficient, to reduce the reliance on fuels/batteries 
for increased driving range. Furthermore, flexible battery 
charging can be achieved when the bus is in standstill condition, 
where the battery bank can be charged by the PV source when 
the solar irradiance is sufficient and by the GCU/AC grids 
when the solar irradiance is insufficient, without external 
charging converters, which will significantly reduce the 
reliance on charging stations. 
Grid
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Multiport 
converter
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ACG
 
 
Fig. 3. Proposed SHEB propulsion system with self-charging functions. 
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Fig. 4. Proposed multiport bidirectional SRM drive topology. 
 
Fig. 5 shows the simplified system diagram of the proposed 
SRM drive for motoring and charging modes, respectively. The 
0885-8993 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2017.2780622, IEEE
Transactions on Power Electronics
IEEE TRANSACTIONS ON POWER ELECTRONICS 
 
4 
 
GCU is mechanically coupled with an internal combustion 
engine (ICE) to provide three-phase AC power source for 
rectification. In motoring mode, the battery and GCU can work 
independently or cooperate by controlling the relay J and 
switch Sf2 in the bidirectional circuit. The PV is selected for 
utilization by controlling the relay J2 according to the solar 
irradiance. Thus, six driving modes are achieved, including 
GCU driving mode, battery driving mode, GCU and battery 
driving mode, PV and GCU driving mode, PV and battery 
driving mode, and PV driving mode, as shown in Fig. 5(a). In 
battery charging mode, by controlling the relays J and J2, three 
charging modes are achieved, including PV charging mode, 
GCU charging mode, and AC grids charging mode, as shown in 
Fig. 5(b). 
 
(a) 
 
 
(b) 
Fig. 5.  Simplified system diagram of the proposed SRM drive. (a) Motoring 
mode. (b) Charging mode. 
B. Driving by the GCU and/or Battery Bank under 
Insufficient Solar Irradiance  
When the solar irradiance is not sufficient, the GCU and/or 
battery bank are put into use, where the relay J1 is on and J2 is 
off, and the PV is in an idle state. The motor can be driven by 
the GCU and battery working together or independently, by 
controlling the power switches in the bidirectional front-end 
circuit. The winding excitation and demagnetization are both 
analyzed in GCU and/or battery driving mode in the following 
part. 
1) Winding Excitation Modes: 
Fig. 6 presents different winding excitation states for the 
proposed SRM drive. When the relay J is on, and switches Sf1 
and Sf2 are both off, the motor works in the GCU driving mode 
and the battery is in an idle state, as shown in Fig. 6(a). When J 
is turned off, the GCU is idle and the windings are energized by 
the battery bank, where the motor works in the pure battery 
driving mode, as shown in Fig. 6(b). When the GCU and 
battery should be used together to improve the dynamic 
performance, J and Sf2 are both turned on, where the windings 
are energized by both the GCU and battery bank, as shown in 
Fig. 6(c). A freewheeling mode when the current flows in a 
zero-voltage loop exists during the normal operation, due to the 
soft-chopping method where S1 is turned off and S2 remains on 
in the turn-on region, as illustrated in Fig. 6(d). The GCU and 
battery can work together or independently, according to 
different running conditions. 
 
      
(a)                                                     (b) 
 
      
(c)                                                     (d) 
Fig. 6. Winding excitation states of the proposed SRM drive. (a) Excitation by 
the GCU. (b) Excitation by the battery bank. (c) Excitation by the GCU and 
battery bank. (d) Freewheeling in a zero-voltage loop. 
 
2) Winding Demagnetization Modes: 
In the GCU driving mode, the battery is idle when the GCU 
supplies the energy to the motor, where it can be used to boost 
the dc-link voltage to accelerate the demagnetization and 
excitation progresses. The relationship between the current and 
voltage of phase A during the commutation region is shown in 
Fig. 7(a), where a multilevel voltage is achieved. 
Taking the commutation of phase A and B for example, 
when phase A is turned off and phase B is not turned on, the 
demagnetization current of phase A flows back to the battery 
bank B and capacitor C1 through the antiparallel diode inherent 
in the switch Sf2, where the battery is charged by the 
demagnetization current, as shown in Fig. 8(a). The phase A 
winding is under the demagnetization voltage of the battery 
bank B and capacitor C1. The voltage and current of phase A, 
i.e., Ua and ia, are expressed as 
( , )
( , ) a a aa g by a a a a a
a dc
di L i
U U U R i L i i
dt
i i

 


     

 
  (4) 
where Ug is the capacitor voltage from the rectification of the 
GCU output, Uby is the battery voltage, and idc is the lower 
dc-link current. 
When phase B is turned on and the demagnetization current 
ia is larger than the excitation current ib, the phase A acts as a 
current source to power phase B. In this condition, phase A is 
still under the demagnetization voltage of the battery bank B 
and capacitor C1, and phase A current not only feeds back to the 
battery and capacitor, but also flows to phase B to help phase B 
set up the excitation current, as shown in Fig. 8(b). The voltage 
and current of phase A during this stage are given by 
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( , ) a a aa g by a a a a a
a dc b
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dt
i i i
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 
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When the demagnetization current ia is smaller than the 
excitation current ib, phase A current cannot support the 
excitation of phase B, and the GCU makes up for the energy 
deficit, as shown in Fig. 8(c). In this condition, phase A is under 
the demagnetization voltage of the capacitor C1, and the voltage 
and current of phase A in this stage are expressed as 
( , )
( , ) a a aa g a a a a a
a dc b
di L i
U U R i L i i
dt
i i i

 


    

   
      (6) 
When phase A is still in the demagnetization process and 
phase B current is in a zero-voltage loop (see Fig. 8(d)), there is 
no overlapped current loop between phase A and phase B. In 
this condition, phase A is again under the demagnetization 
voltage of the battery bank B and capacitor C1. The voltage and 
current of phase A during this stage can be expressed as (4). 
Similar to the demagnetization process, the excitation 
voltage of phase A is also boosted, due to the impact of the 
phase C demagnetization, as shown in Fig. 7(a). When the 
demagnetization current ic is larger than the excitation current ia, 
the phase C acts as a current source not only to power phase A, 
but also to charge the battery bank and capacitor. In this 
condition, phase A voltage is boosted due to the phase C 
demagnetization under the voltage of the battery bank B and 
capacitor C1. The voltage and current of phase A during this 
stage are given by 
( , )
( , ) a a aa g by a a a a a
a dc c
di L i
U U U R i L i i
dt
i i i

 


    

   
   (7) 
In the battery driving mode, the GCU is idle when the battery 
supplies energy to the motor, where the capacitor C1 is used to 
elevate the dc-link voltage to accelerate the demagnetization 
and excitation processes. The working modes are similar to the 
GCU driving mode, and the only difference is that the battery 
bank acts as a power source instead of the GCU, and the 
capacitor C1 is recharged as an additional source for multilevel 
production during the commutation regions, as shown in Fig. 
7(b). 
   
(a)                                                           (b) 
Fig. 7. Improved phase current and voltage in commutation region. (a) Driving 
by the GCU. (b) Driving by the battery bank. 
 
  
(a)                                                     (b) 
 
  
(c)                                                     (d) 
Fig. 8. Winding demagnetization states of the proposed SRM drive. (a) Stage 1. 
(b) Stage 2. (c) Stage 3. (d) Stage 4. 
C. Driving by Hybrid Power Source with PV Auxiliary 
under Sufficient Solar Irradiance 
When the solar irradiance is sufficient, the PV is put into use 
as an assisted sustainable energy source to contribute to the 
motor driving, which reduces the reliance on fuels/batteries. In 
this case, the relays J1 and J2 are both turned on to connect the 
PV and GCU/battery to the main converter. 
In the PV and GCU driving mode, switches Sf1 and Sf2 are 
both turned off, where Sf1 acts as a diode that is cutoff due to the 
lower voltage compared to the C1 voltage. Thus, the battery is 
disconnected from the circuit. In this condition, the PV is 
paralleled with the GCU, and the equivalent power source 
circuit is shown in Fig. 9(a). The PV voltage is clamped to the 
GCU voltage Ug, and the working point of the PV is presented 
in Fig. 9(c). The PV and GCU work together to supply the 
energy to the motor drive. Each phase encounters three working 
states including the winding excitation, winding 
demagnetization, and freewheeling states, as shown in Fig. 10. 
In the PV and battery driving mode, the GCU is disconnected 
from the circuit by turning off the relay J, and Sf1 is turned on. 
The PV is paralleled with the battery bank, and the equivalent 
power source circuit is shown in Fig. 9(b). The PV voltage is 
clamped to the battery voltage Uby, and the working point of the 
PV is presented in Fig. 9(d). The PV and battery work together 
to supply the energy to the motor drive, and the working modes 
for one phase are illustrated in Fig. 11, where the only 
difference from the PV-GCU driving mode are that the GCU is 
changed to the battery bank. 
 
       
(a)                                                         (b) 
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(c)                                                         (d) 
Fig. 9. Equivalent circuit of hybrid power source with PV auxiliary. (a) PV and 
GCU driving. (b) PV and battery driving. (c) Working point of the PV with 
GCU driving. (d) Working point of the PV with battery driving. 
 
 
(a)                                                         (b) 
 
 
(c) 
Fig. 10. Working modes in PV and GCU driving condition. (a) Winding 
excitation mode. (b) Freewheeling mode. (c) Winding demagnetization mode. 
 
 
(a)                                                         (b) 
 
 
(c) 
Fig. 11. Working modes in PV and battery driving condition. (a) Winding 
excitation mode. (b) Freewheeling mode. (c) Winding demagnetization mode. 
D. Driving by PV Panels in Downhill Motoring Condition 
Given the low power density of the PV panels, they are 
insufficient to drive the motor under normal driving conditions. 
However, in downhill motoring condition, there is only limited 
energy required to power the motor. The energy generated from 
the PV source would be more than the SRM needed. Therefore, 
the PV source under this motoring condition could be sufficient 
to drive the motor. In this condition, relays J and J1 are turned 
off, J2 is turned on, and the switch Sf1 is turned on and Sf2 is off. 
The equivalent circuit is presented in Fig. 12. The winding 
excitation, winding demagnetization, and freewheeling states 
are shown in Fig. 13. The PV panels supply the energy 
independently to the motor in the winding excitation mode, and 
in the winding demagnetization mode, the battery charging is 
achieved by the demagnetization current. 
 
 
 
Fig. 12. Equivalent circuit in PV driving condition. 
 
   
(a)                                                         (b) 
 
 
(c) 
Fig. 13. Working modes in PV driving condition. (a) Winding excitation mode. 
(b) Freewheeling mode. (c) Winding demagnetization mode. 
E. Battery Charging Modes under SHEB Standstill 
Condition 
1) PV Powered Battery Charging 
The proposed converter topology has integrated with 
on-board self-charging functions, which significantly reduces 
the reliance on charging stations. In SHEB standstill condition, 
the battery bank can be directly charged through the multiport 
SRM drive, without external charging converters. The 
self-charging can be achieved by the PV or GCU, and the 
external charging can be achieved by the AC grids. 
When the solar irradiance is sufficient, the battery bank can 
be charged by the PV source. Due to the low power level of PV 
panels, only one phase converter is employed in the PV 
powered charging state. In this condition, the relay J1 is off and 
J2 is on, and the switches Sf1 is on and Sf2 is off. The phase 
windings are employed as inductors, and the driving topology 
functions as a buck-boost charging converter. The working 
modes are similar to the PV driving condition. PWM control 
signals can be applied to the power switches to achieve battery 
charging. Taking phase B for example, the PV source supplies 
the energy to the phase B winding, when S3 and S4 are both 
turned on simultaneously, as shown in Fig. 14(a). In this 
working state, the current flowing in the winding can be 
expressed as 
0
1 0( )
km k
k k
I I
i t I t
DT

                         (8) 
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where Ik0 is the initial phase current, Ikm is the maximum phase 
current, T is the switching period, and D is the duty cycle of the 
switching PWM, respectively. 
Then, turning off the switches S3 and S4, the current in the 
phase winding feeds back to the battery bank B through diodes 
D3 and D4, as shown in Fig. 14(b). In this working state, battery 
charging by the PV panels is achieved, and the charging current 
can be expressed as 
0
2 ( ) ( )
(1 )
km k
k km
I I
i t I t DT
D T

  

               (9) 
By controlling the duty cycle and frequency of the PWM 
signals, the charging current can be easily controlled. 
 
2) GCU/AC grids Powered Battery Charging 
When the solar irradiance is insufficient, the battery bank can 
also be charged by the GCU/AC grids, where the working states 
are similar to the condition of PV charging. The only difference 
is that three phase windings are all included due to the high 
power level. In this state, the relay J1 is on and J2 is off, and the 
switches Sf1 and Sf2 are both off. Three phase windings are first 
energized by the energy from the capacitor C1 when S1~S6 are 
all turned on, as shown in Fig. 14(c). Then, turning off switches 
S1~S6, the currents in the three phase windings goes back to the 
battery bank B and capacitor C1 through diodes D1~D6, as 
shown in Fig. 14(d). From Fig. 14(c) to (d), the battery bank can 
be flexibly charged by the DC output from the rectification of 
the GCU/AC grids, through controlling the duty cycle and 
frequency of the PWM signals. 
Therefore, considering that three phase windings are all used, 
the maximum and minimum sum of three phase currents are 
max
min 0 0 0
am bm cm
a b c
I I I I
I I I I
  

  
                     (10) 
The charging current for the battery bank in this condition 
can be expressed as 
max min
max( ) ( )
(1 )
by
I I
i t I t DT
D T

  

              (11) 
 
 
(a) 
 
 
(b) 
 
 
(c) 
 
 
(d) 
Fig. 14. Working modes under battery charging. (a) Winding excitation by the 
PV. (b) Battery charging from the PV. (c) Winding excitation by the 
rectification from the GCU/AC grids. (d) Battery charging by the rectification 
from the GCU/AC grids. 
F. Power Control under Different Working Conditions 
Fig. 15 presents the power source cooperation among the 
GCU, battery bank, and PV at insufficient and sufficient solar 
irradiance conditions, respectively. 
Fig. 15(a) shows the hybrid power source cooperation at 
different speeds when the solar irradiance is insufficient, where 
the PV is idle. During the SHEB starting and acceleration 
progresses, the GCU and battery can work together to increase 
the output torque to improve the start-up and acceleration 
performance, and the power flow is illustrated in Fig. 16(c). At 
low and high speeds, the GCU and battery can work 
independently for steady-state operations, where the output 
torque is improved by the boosted dc voltage, and the power 
flows are shown in Fig. 16(a) and (b). The energy can be 
recycled to the battery bank during braking conditions, by 
controlling the phase current flowing in the inductance 
descending region, as shown in Fig. 16(g). In SHEB standstill 
condition, the battery bank can be charged by the GCU/AC 
grids without external converters, and the power flows are 
presented in Fig. 16(h) and (j). 
When the solar irradiance is sufficient, the PV can be put into 
use as a sustainable energy source for multiple functions, as 
shown in Fig. 15(b). In both low- and high-speed driving 
operations, the use of PV reduces the reliance on fuels/batteries 
for extended driving range, as shown in Fig. 16(d) and (e). In 
downhill condition, the PV panels can also supply the energy 
independently for motoring operation, as shown in Fig. 16(f). 
Furthermore, the battery self-charging is achieved by the solar 
energy in SHEB standstill condition, as shown in Fig. 16(i). 
Speed
I  Starting
II  Low-speed 
running
III  
Acceleration
IV  High-speed 
running
V  Braking
GCU & battery 
working together
 Battery 
working 
GCU & battery 
working together
GCU working 
Energy 
recovery to 
battery
VI  Standstill
 Battery 
charging by 
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(a) 
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(b) 
Fig. 15. Hybrid power source cooperation at different speeds. (a) Insufficient 
solar irradiance. (b) Sufficient solar irradiance. 
 
       
(a)                                                         (b) 
 
       
(c)                                                         (d) 
 
       
(e)                                                         (f) 
 
       
(g)                                                         (h) 
 
       
(i)                                                         (j) 
Fig. 16. Power flow at different working modes. (a) Motoring by the GCU. (b) 
Motoring by the battery. (c) Motoring by the GCU and battery. (d) Motoring by 
the GCU and PV. (e) Motoring by the battery and PV. (f) Downhill motoring by 
the PV. (g) Charging by the motor during braking process. (h) Self-charging by 
the GCU at standstill. (i) Self-charging by the PV at standstill. (j) Charging by 
AC grids at standstill. 
G. Control Strategies for Motoring and Charging 
1) Motoring Control Strategy 
The proposed SRM drive is derived from a traditional 
asymmetrical half-bridge converter, where the front-end circuit 
is used to achieve the multi-source operation. Fig. 17 presents 
the block diagram of the control strategy for motoring condition, 
where a conventional current hysteresis control method is 
employed for the motor drive. The hysteresis control system is 
a nonlinear system, which has excellent loop performance, 
global stability, and small phase lag [46]. The current hysteresis 
control is inherently stable and robust to dynamic perturbations, 
which is usually employed for SRM control. For current 
hysteresis control based SRM drives, the system is more stable 
and has fast dynamic response due to its inherent non-linearity 
[47], [48]. The dynamic analysis for SRM control has been 
investigated in detail in [33]-[36], [47]-[51]. The switching 
signals are derived from the comparison of the current 
reference and actual currents in the hysteresis controller. The 
rotor position is detected by an encoder for speed calculation, 
and the turn-on and turn-off angles are calculated for phase 
commutation. A proportional integral (PI) controller is 
employed to regulate the motor speed for closed-loop control, 
where the current reference is generated for hysteresis control. 
The motoring and braking operations are switched by 
controlling the turn-on and turn-off angles to make the current 
flow in the phase inductance ascending and descending regions, 
respectively. During the braking process, the battery bank is 
charged by the energy recovery. 
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+
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Fig. 17. Control block diagram for motoring conditions. 
 
2) Charging Control Strategy 
When the SHEB is in standstill condition, the battery bank 
can be charged by PV panels, ICE powered GCU or AC grids. 
Different control strategies are employed, according to the 
power level of the charging source, as shown in Fig. 18. Only 
one phase converter is employed in PV charging state, due to 
the low power level of PV panels. The corresponding control 
strategy is shown in Fig. 18 (a), where the MPPT stands for the 
maximum power point tracking. When the battery is charged by 
the GCU or AC grids, the power level is higher than the PV 
panels. For this scenario, the three-phase converter will work 
together to achieve high power charging. Due to the double 
saliency structure, the inductance of each phase is different 
from each other at a rotor position. In order to mitigate the 
influence of the unbalanced inductance, a current sharing 
control (CSC) method is proposed, and the corresponding 
control strategy is presented in Fig. 18(b). 
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(b) 
Fig. 18. Control block diagram for charging conditions. (a) PV powered 
charging. (b) Constant voltage control for GCU/AC grids charging. 
 
There are two working modes for the boost converter, 
including the current discontinuous conduction mode (DCM) 
and current continuous conduction mode (CCM). In DCM, 
there is no right half-plane zero so that the converter is stable. 
In CCM, there is a right half-plane zero that impacts on the 
stability of the converter. 
The charging transfer function from control to output voltage 
can be derived as 
2
1
2 2
1
( )( )
( )
1
a b b c c a
by g
a b c
vd
a b b c c a
a b c
L L L L L L
D U U s
L L L RD
G s
L L L L L L
Cs s D
R L L L
    
  
  

    
 
 
 (12) 
where D is the duty cycle, D’=1-D, C is the capacitor, La, Lb, Lc 
are the phase winding inductances, and R is the equivalent 
resistance. 
The bode diagram of three-phase charging is plotted in Fig. 
19(a), where the amplitude margin and phase margin are 
negative. From the transfer function and bode diagram, it can 
be seen that the system is a non-minimum phase system. In 
order to improve the system stability, the proportional integral 
(PI) compensation is adopted, and the corresponding transfer 
function is 
( ) + iPI p
k
G s k
s
                              (13) 
The zero frequency of the PI regulator should be lower than 
the polar frequency of the transfer function of the standstill 
charging system. Based on this, the zero frequency of the PI 
regulator can be determined. After the calculation of the zero 
frequency, the proportional coefficient can adjust the cut-off 
frequency and stability margin. After the compensation, the 
improved bode diagram is shown in Fig. 19(b). From the 
amplitude margin and phase margin, it can be seen that the 
system is stable in this condition. 
  
(a)                                                         (b) 
Fig. 19. Bode diagram under standstill charging conditions. (a) Without 
compensation. (b) With compensation. 
H. Comparison with the State-of-the-Art Topologies 
A detailed comparison of the proposed SRM drive topology 
with existing schemes for electrified transportation is presented 
in Table I, which illustrates the advantages of the proposed 
drive topology over the state-of-the-art technologies. In 
[34]-[36], a dc-dc converter is employed for dc voltage boost 
and battery charging in pure battery-powered vehicle 
applications. However, additional inductors and capacitors 
reduce the power density, and also it has a high reliance on 
charging stations. An improved C-dump converter is presented 
in [37] for hybrid vehicles, while the boosted dc voltage cannot 
be achieved and the fault-tolerance ability is also poor due to 
the characteristics of the C-dump converter. To improve the 
fault-tolerance ability and charging ability, a split converter 
topology is developed in [38] with flexible energy control, 
while additional charging converters are required and the dc 
voltage cannot be boosted during running conditions. In [40], 
an integrated SRM converter is proposed for hybrid vehicles, 
where the dc voltage is enhanced and flexible battery charging 
is achieved. However, multiple ports are not achieved and 
flexible driving and self-charging ability are not equipped, 
which leads to a high reliance on batteries/fuels during driving 
conditions, and requires a high reliance on charging stations. 
Therefore, to extend the driving miles and reduce the reliance 
on charging stations, PV panels are employed in [45], but the 
developed converter is still derived from a C-dump converter, 
which has a poor fault-tolerance ability. Also, the dc voltage 
cannot be boosted to improve the torque capability. 
Compared to existing drive topologies, PV panels are 
employed and multiport is achieved in the proposed motor 
drive, by using fewer power devices without extra dc-dc 
converters and inductors. The new topology is derived from an 
asymmetrical half-bridge converter, and thus has a good 
fault-tolerance ability. The dc voltage is boosted in both GCU 
and battery driving modes, where the torque capability is 
improved accordingly. Six driving modes and five charging 
modes are obtained, achieving a more flexible energy control. 
The PV can work with the battery/GCU together as an assisted 
sustainable energy source to contribute to the motor driving, 
which significantly reduces the reliance on fuels/batteries. 
Furthermore, the battery can be quickly charged by the PV 
panels, GCU, or AC grids at SHEB standstill condition, where 
the flexible charging and self-charging ability are obtained, and 
the reliance on charging stations is significantly reduced. 
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TABLE I  
COMPARISON OF PROPOSED AND STATE-OF-THE-ART TOPOLOGIES 
 Drive topology 
in [34] 
Drive topology 
in [35][36] 
Drive topology 
in [37] 
Drive topology 
in [38] 
Drive topology 
in [40] 
Drive topology 
in [45] 
Proposed drive 
topology 
Energy flow 
flexibility   
Low Medium Low Medium Medium Medium High 
Fault-tolerance 
ability 
Yes No No Yes Yes No Yes 
Grid connecting 
charging 
Without 
charging 
converter 
Without 
charging 
converter 
Without 
charging 
converter 
Need charging 
converter 
Without 
charging 
converter 
Need charging 
converter 
Without 
charging 
converter 
Multiport Not achieved Not achieved Not achieved Not achieved Achieved Not achieved Achieved 
Enhanced dc 
voltage 
Yes Yes No No Yes No Yes 
Self-charging 
ability 
Not equipped Not equipped Not equipped Not equipped Not equipped Equipped Equipped 
Reliance on 
batteries/fuels 
High High High High High Low Low 
Reliance on 
charging stations 
High High High High High Low Low 
 
IV. EXPERIMENTAL VERIFICATION 
In order to verify the effectiveness of the proposed multiport 
SRM drive topology, the experiments are carried out on a 
three-phase 12/8 SRM prototype for proof-of-concept. The 
photograph of the experimental system is shown in Fig. 20, 
including the power electronics for the drive and motor test bed. 
The main motor parameters are listed in Table II. A 
dSPACE-DS1006 platform is employed to implement the 
control algorithm for the proposed system. In the motor test bed, 
a Parker AC servomotor acts as the load, which is controlled by 
an integrated load controller inside the cabinet. A 
high-precision torque sensor is installed between the SRM 
prototype and load motor to detect the instantaneous output 
torque. A three degree of freedom (3-DOF) bracket is used to 
achieve the balanced connection. A 2500-line incremental 
encoder is installed on the motor frame to detect the rotor 
position and calculate the motor speed. A programmable dc 
power supply is utilized to simulate the GCU part, where the 
voltage is set to 80 V. A 60 V lithium-ion battery pack is 
employed to be the energy storage equipment. A PV array 
simulator Agilent Technology E4360A is employed as the PV 
source. Hall-effect current sensors LA-55P are used to detect 
the phase currents for current regulation control. A 
multi-channel isolated oscilloscope is used to observe the 
experimental waveforms. A closed-loop controller with current 
hysteresis modulation is designed to control the phase currents 
for speed regulation. 
 
 
 
Fig. 20. Experimental setup. 
 
 
 
 
TABLE II 
MOTOR PARAMETERS 
Parameters Value 
Phase number 3 
Stator/rotor poles 12/8 
Rated power (W) 750 
Rated speed (r/min) 1500 
Phase resistor (Ω) 3.01 
Minimum phase inductance (mH) 27.2 
Maximum phase inductance (mH) 256.7 
Rotor outer diameter (mm) 55 
Rotor inner diameter (mm) 30 
Stator outer diameter (mm) 102.5 
Stator inner diameter (mm) 55.5 
Stack length (mm) 80 
Stator arc angle (deg) 14 
Rotor arc angle (deg) 16 
 
Fig. 21 presents the experimental waveforms of the proposed 
motor drive operating at 280 r/min and 2 N·m load with only 
GCU or battery driving, where ia, ib, and ic are the phase 
currents for phase A, B, and C, respectively, Ua is voltage of 
phase A winding, and iby is the battery current. In GCU driving 
mode, the generator supplies the energy to the motor drive, and 
the battery bank is idle. The multilevel phase voltage is directly 
achieved by the battery bank in the converter circuit although 
there is no power supply from the battery, where the excitation 
voltage and demagnetization voltage are both boosted to 
accelerate the winding excitation and demagnetization 
processes in the phase commutation region. Meanwhile, trickle 
current charging is achieved by the demagnetization current 
due to the inherent characteristics of the proposed drive, as 
shown in Fig. 21(a). Similarly, in pure battery driving mode, 
the generator is idle, and the battery acts as the power source to 
supply the energy to the motor drive. In this condition, the 
multilevel voltage can also be achieved by the capacitor C1 in 
the circuit, where the operation modes are similar to that in Fig. 
21(a), and the excitation and demagnetization processes are 
both accelerated due to the increased phase voltage, as shown in 
Fig. 21(b). Fig. 22(a) and (b) present the experimental results 
when the motor drive operates in GCU driving mode at 1800 
r/min and GCU-battery driving mode at 2400 r/min, 
respectively. In high-speed operation, the phase voltage can 
also be boosted in the phase commutation region in GCU 
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driving mode, where the fast excitation and fast 
demagnetization are also both achieved, as shown in Fig. 22(a). 
Therefore, the torque output is improved accordingly due to the 
multilevel voltage, no matter in low- or high-speed operations. 
 
  
(a)                                                         (b) 
Fig. 21. Low-speed operation without PV auxiliary. (a) GCU Driving mode. (b) 
Battery driving mode. 
 
  
(a)                                                         (b) 
Fig. 22. High-speed operation without PV auxiliary. (a) GCU Driving mode. (b) 
GCU and battery driving mode. 
 
The experimental waveforms of the proposed motor system 
driving by the hybrid power source with PV auxiliary at 400 
r/min are shown in Fig. 23. In PV-GCU driving mode, the 
battery bank is disconnected from the converter circuit, and the 
PV source is paralleled with the GCU part to supply the power 
to the motor drive. According to the equivalent power source 
circuit, the PV voltage is clamped to the GCU voltage in this 
condition. Fig. 23(a) shows the experimental results in 
PV-GCU driving mode. The PV and GCU work together to 
supply the energy to the motor drive, which reduces the reliance 
on fuels. In PV-battery driving mode, the generator is 
disconnected from the converter circuit, and the PV source 
works with the battery to supply the power to the motor drive. 
Fig. 23(b) shows the experimental results in PV-battery driving 
mode. The PV is put into use as an assisted sustainable energy 
source to contribute to the motor driving, which reduces the 
reliance on batteries. Fig. 24 presents the waveforms under PV 
independent driving condition. The PV source supplies the 
energy to the motor drive and the battery bank can be charged 
by the demagnetization current, which is similar to that in GCU 
driving mode. 
 
  
(a)                                                         (b) 
Fig. 23. Driving by the hybrid power source with PV auxiliary. (a) PV and GCU 
driving. (b) PV and battery driving. 
 
 
Fig. 24. Driving by the PV source under downhill motoring condition. 
 
In order to investigate the dynamic performance of the 
proposed motor drive topology, Fig. 25 illustrates the transient 
progress during the speed change, load change, and braking 
conditions in a closed-loop system. In Fig. 25(a), the motor 
drive works in pure battery driving mode at 300 and 850 r/min, 
and in GCU driving mode at 1300 r/min in steady-state 
operations, while works in battery-GCU driving mode during 
acceleration process. The battery and generator can work 
together to improve the acceleration performance of the motor. 
When the speed reference increases from 300 to 850 r/min and 
from 850 to 1300 r/min, the actual speed quickly tracks the 
speed reference. During acceleration, the speed is stabilized 
within 1 s and follows the given value well, which ensures a 
fast response to speed changes. As shown in Fig. 25(b), when 
the load changes from 2 to 4 N·m, the speed is quickly 
stabilized and tracks the given value. Therefore, the proposed 
motor drive presents a rapid dynamic response to speed and 
load changes, confirming a good robustness. Fig. 25(c) and (d) 
show the experimental results of the braking performance for 
the proposed dive. The braking response time can be flexibly 
controlled by adjusting the turn-on and turn-off angles. In Fig. 
25(c), the braking time is near 2 s when the turn-on angle and 
turn-off angles are set to 20° and 30°, respectively. In Fig. 25(d), 
the turn-off angle is increased to 40° and the braking time is 
only 0.7 s, ensuring a flexible braking ability. Moreover, during 
the braking process, the energy can be recycled to the battery 
bank directly through the proposed drive topology, as shown in 
Fig. 25(c) and (d). 
 
  
(a)                                                         (b) 
  
(c)                                                         (d) 
Fig. 25. Dynamic performance. (a) Speed increase. (b) Load increase. (c) 
Braking under turn-on angle 20° and turn-off angle 30°. (d) Braking under 
turn-on angle 20° and turn-off angle 40°. 
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The waveforms of battery charging by PV and AC grids in 
motor standstill conditions are shown in Fig. 26, where PZ is the 
encoder signal, and S3 and S4 are the driving signals for phase B. 
The battery can be directly charged by utilizing the traction 
motor windings and converter drive, without any additional 
converters and inductors. The PWM signals are applied to the 
corresponding switches to control the battery charging current. 
When the battery is charged by the PV, one phase converter is 
employed due to the low power level. Fig. 26(a) and (b) show 
the battery charging by the PV using phase B leg and winding, 
where the switching frequency is set to 500 Hz and the duty 
cycle is set to 0.5 and 0.7, respectively. Switches S3 and S4 are 
both turned on first to energize the phase B winding, and then 
turned off simultaneously to make the phase current feed back 
to the battery bank through diodes D3 and D4. In this condition, 
battery charging by the PV is achieved, and the charging 
current can be flexibly controlled by changing the PWM 
frequency and duty cycle. When the battery is charged by AC 
grids, three phase windings are all employed due to the high 
power level, as shown in Fig. 26(c) and (d). Similarly, three 
phase windings work in excitation mode by turning on switches 
S1~S6, and then work in demagnetization mode by turning off 
all the switches, to achieve three-phase charging. The encoder 
signal keeps at zero, and thus the charging scheme does not lead 
to motor movement. Fig. 26(c) shows the charging condition 
without CSC scheme, where the three phase currents are 
unbalanced due to the different phase inductances. Therefore, 
to reduce the impact of the unbalanced inductance, the 
proposed CSC is adopted to balance the phase currents, as 
shown in Fig. 26(d). 
 
  
(a)                                                         (b) 
  
(c)                                                         (d) 
Fig. 26. Battery charging at SRM standstill states. (a) Charging by PV under 
duty-cycle 0.5. (b) Charging by PV under duty-cycle 0.7. (c) Charging by AC 
grids without CSC. (d) Charging by AC grids with CSC. 
 
In order to investigate the torque performance of the 
proposed SRM drive, Figs. 27 and 28 present the torque and 
torque ripple comparisons between the traditional system by 
employing the conventional asymmetric half-bridge converter 
and the new system by employing the proposed multiport 
converter. As shown in Fig. 27, the torque is improved by fast 
winding excitation and fast winding demagnetization in both 
GCU and battery driving modes, especially in high-speed 
operations, due to the multilevel voltage generated in the phase 
commutation region. Regarding the torque ripple, the torque 
ripple between the conventional and proposed drives are 
similar, confirming that the proposed drive will not decrease 
the motor performance, as shown in Fig. 28. 
 
  
(a)                                                         (b) 
Fig. 27. Torque comparison. (a) GCU driving mode. (b) Battery driving mode. 
 
  
(a)                                                         (b) 
Fig. 28. Torque ripple comparison. (a) GCU driving mode. (b) Battery driving 
mode. 
V. CONCLUSION 
In this paper, a multiport bidirectional SRM drive is 
proposed for SHEB applications, which not only improves the 
motor system performance in running conditions, but also 
achieves flexible charging functions. Multiple driving and 
charging modes are achieved. Multilevel voltage is obtained to 
increase the torque capability. PV panels are installed on the 
bus to extend the driving range and achieve self-charging 
ability. Corresponding working modes and control strategies 
are investigated in detail. The main contributions of this paper 
are as follows: 
(1) A simple multiport bidirectional SRM drive is designed 
to combine the GCU, battery bank, PV panels, and SRM for 
flexible driving and charging functions, by using fewer power 
devices. The charging functions can be directly achieved by the 
motor windings and converter circuit. 
(2) Six driving modes are achieved. When the solar 
irradiance is not sufficient, the SHEB can work in GCU driving 
mode, pure battery driving mode, and GCU-battery driving 
mode, according to the running conditions. When the solar 
irradiance is sufficient, the PV can work with the battery/GCU 
together as an assisted sustainable energy source to contribute 
to the motor driving, which significantly reduces the reliance 
on fuels/batteries. In addition, in downhill motoring condition, 
the PV can provide the energy independently to drive the 
motor. 
(3) Five charging modes are achieved without external 
charging converters. The battery bank can be slightly charged 
by the demagnetization current in GCU driving mode and PV 
driving mode. During the braking progress, the energy can be 
recycled to the battery. Furthermore, the battery bank can be 
quickly charged by the PV panels, GCU, or AC grids at SHEB 
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standstill condition, which reduces the reliance on charging 
stations. Corresponding control strategies are presented to 
achieve the flexible energy control. 
(4) The dc voltage is boosted and multilevel voltage is 
achieved by the battery bank in GCU driving mode, and by the 
charge capacitor in pure battery driving mode. The excitation 
and demagnetization processes are both accelerated due to the 
boosted dc voltage. The torque capability can be increased by 
35% due to the multiport topology without torque ripple 
increase. 
Although the work has targeted electrified vehicle 
applications, the developed technology can be applied to other 
high-torque and high-speed applications, such as more-electric 
aircraft, traction drives, and electrical ships. 
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